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INTRODUCTION
Compacted soils are often used as construction materials for earth structures such as retaining walls, dams, foundations, and road and railway embankments, and as such are usually placed and often remain on site under partially saturated conditions. The deformation characteristics of these earth structures under repeated loading (e.g. vibrations caused by traffic of heavy and fast-moving vehicles, heavy earthwork machinery and earthquakes) are generally governed by their elastic properties at a small strain level. These properties can be readily monitored by examining the propagation of the compression and shear waves in the soil. Under a partially saturated condition, the capillary force or suction increases the inter-particle contact forces that in turn contribute to an increase in the stiffness of the soil skeleton. The body waves (i.e. compression and shear waves) propagating through a partially saturated medium are also affected by suction and associated degree of saturation. Compression waves (P-waves) induce the motion of soil grains in the direction of wave propagation and they are mainly affected by the bulk modulus of the medium, which causes them to respond to the variation of the degree of saturation (Inci et al., 2003; George et al., 2009; Barrière et al., 2012) . In contrast, shear waves propagate perpendicularly to the direction of their motion, so shear distortion is applied. While it may be thought that shear waves are almost unaffected by the presence of water, intermediate states of saturation can cause a change in shear wave velocity due to the strengthening of the soil skeleton by capillary forces (i.e. Cho & Santamarina, 2001) .
Past research studies have reported that the elastic properties at a small strain level are associated with the soil water retention characteristics (SWRC) (e.g. Cho & Santamarina, 2001 ; Mancuso et al., 2002) . Indeed, a variation of the shear and compression wave velocities (V s and V p , respectively) is directly related to the different ranges observed in the SWRC. In particular, inflexions on the shear wave velocity and associated shear stiffness were reported at the air entry value (AEV) and at the transition from funicular to pendular states (e.g. Cho & Santamarina, 2001 ). In the low suction range before AEV, the shear modulus increases linearly with suction, after which its increase is predominantly non-linear, mainly due to the distinct hydraulic regulation at the particle level (Mancuso et al., 2002) . Similar observations were also reported for a range of different soils by Marinho et al. (1996) ; Vinale et al. (2001) , Inci et al. (2003) , Sawangsuriya et al. (2008) , Biglari et al. (2012) and Heitor et al. (2012) . In addition, Mancuso et al. (2002) and, more recently, Heitor et al. (2013) also reported that the small strain shear modulus depends mainly on the soil fabric derived from compaction, that is, dry and wet of optimum water content particularly in the macroporosity range. Furthermore, this change of soil microstructure caused by variations in the compaction induced states (i.e. water content and compaction effort), often results in distinct mechanical and hydraulic behaviour (Toll & Ong, 2003; Bagherieh et al., 2009; Sheng & Zhou, 2011) .
The effect of hydraulic hysteresis and suction history on the small strain shear modulus of a completely decomposed tuff has recently been investigated by Ng et al. (2009) and Ng & Xu (2012) . The most striking aspect was observing the hysteresis between the drying and wetting curves, although the size of the loop was small for those soils. The results indicated that at any given suction the shear modulus along the wetting path has a higher value than along the drying path. This is associated with the changes of degree of saturation (S r ) and the water distribution in the pore structure (menisci) (Cho & Santamarina, 2001) ; that is, the lower the S r the higher the G 0 . Those changes of degree of saturation are caused by the ink-bottle effect (e.g. Lourenco et al., 2012) and the variation in soil structure during drying-wetting cycles (e.g. Cuisinier & Laloui, 2004) . In this context, the ink-bottle effect refers to the soil-water exchange occurring within the soil pores to mimic the existence of large pores connected through smaller pores. The amplitude of the hysteresis loop increased as the isotropic confining stresses decreased. George et al. (2009) and Khosravi & McCartney (2012) reported similar observations for Bonny silt, while Ng & Xu (2012) analysed the experimental data in terms of the current suction ratio (CSR) and reported that the small strain shear modulus (G 0 ) increased by about 20% when the CSR increased from 1 to 2.
While most research studies focused on estimating the change in the elastic properties of compacted soils in relation to V s and G 0 , limited studies concentrated on the effect of hydraulic hysteresis and additional cycles of wetting and drying using specimens prepared at different compaction energy levels. This is very important given that, during their service life, most earth structures experience changes in hydraulic behaviour and their magnitude is likely to be associated with the compaction energy level imparted during their placement. The magnitude and extent of these changes may be described by the change in the depth of moisture (H s ) that is affected by climatic fluctuations (Fig. 1) . H s may be estimated based on the Thornthwaite moisture index (TMI) (Thornthwaite, 1948; SA, 1996; Fityus & Buzzi, 2008) . For instance, the TMI distribution for Australian territories gives a H s ranging from 0·5 m in coastal continental climates to 4 m deep in arid climates of central inland and the west coast of Australia (Austroads, 2004) .
This paper examines the effect of drying and wetting on the shear and compression wave velocities and corresponding moduli of a compacted silty sand. Different specimens were compacted at the reference optimum moisture content (OMC) and prepared at three different energy levels and then examined. The impact of the suction history was also studied for specimens prepared at the equivalent water content and energy level. The salient aspects in relation to the hysteresis loops, the compaction energy level, the change of CSR, and additional cycles of wetting and drying were also addressed. In addition, this study aims to investigate the role of compaction energy (i.e. increase in roller passes) in the post-compaction hydraulic behaviour of fills having awater content equivalent to that of OMC. The compaction conditions adopted here are aligned with commonly used end-product acceptance criteria (e.g. dry unit weight ratio γ=γ max . 0·95 and water content variation w À w opt ¼ ±2%, AS 3798 (SA, 2007) ).
TESTING PROGRAMME Materials
The soil for this study was silty sand that was used extensively as embankment fill at Penrith, Australia; it has a plasticity index of 10%, a liquid limit of 25·5% and a specific gravity of 2·7, and can thus be classified as SP-SC (Unified Soil Classification System). The particle size distribution of the soil represents 89% sand, 7% silt and 4% clay size fraction (Fig. 2) . Before compaction, the sample was air dried before being mixed with the required amount of water using a masonry trowel. Any lumps were disaggregated before placing the mixture in a plastic bag and keeping it overnight under constant temperature and humidity. The compaction characteristics of the sample were established using a standard Proctor compaction test (AS 1289 .5.1.1-2003 (SA, 2003 ). Three different levels of compaction energy (E 1 ¼ 243 kJ=m 3 , E 2 ¼ 530 kJ=m 3 and E 3 ¼ 838 kJ=m 3 corresponding to 41%, 89% and 140% in relation to the standard Proctor compaction energy level, respectively) were then applied to the 50 mm diameter by 100 mm high specimens using the procedures described by Heitor et al. (2013) . The three different compaction energy levels adopted for the 50 mm diameter mould were adjusted to match the target dry unit weights obtained for the traditional Proctor mould for energy levels of 357 kJ=m 3 , 596 kJ=m 3 and 832 kJ=m 3 following the procedure reported by Sridharan & Sivapullaiah (2005) . Similar procedures have been followed in numerous past studies too, for example, Seed & Chan (1959) , Reddy & Jagadish (1993) and Tang et al. (2011) , among others. These specimen dimensions were selected so the diameter and height of the specimen would minimise the near-field effects (Leong et al., 2005) . To illustrate the compaction behaviour, the compaction curves obtained for all energy levels are plotted in Fig. 3 . The as-compacted suction (Table 1) Principles of the bender-extender element test There are two types of piezo-ceramic elements, namely x-poled and y-poled, and they differ according to their direction of polarisation; as the voltage is applied to each piezo-ceramic layer, the x-poled and y-poled elements either bend or extend if either the S-wave or P-wave is transmitted and=or received, respectively. In the bender-extender elements test a pair of piezo-ceramic elements is used; one is used as the S-wave transmitter and P-wave receiver, while the other is used as the P-wave transmitter and S-wave receiver. A schematic diagram of the bender-extender (BE) elements test set-up is shown in Fig. 4 .
The small strain shear modulus G 0 can be evaluated from the shear wave velocity using the principles of elastic theory, as follows
where γ b is the bulk unit weight (kN=m 3 ), g is the gravity acceleration (m=s 2 ) and V s is the shear wave velocity (m=s). For a three-phase mixture, while assuming that the density of the air mass can be omitted (i.e. ρ a ffi 0), the bulk unit weight can be calculated based on the porosity (n) and degree of saturation (S r ), as follows
Similarly, the small strain constrained modulus (M 0 ) can be evaluated based on the compression wave velocity (V p ) by
The elastic parameters such as small strain elastic modulus (E 0 ) and Poisson ratio (ν) can also be defined based on the compression and shear wave velocities as follows
Shear and compression wave velocities (V s and V p ) To measure the V p and V s of the compacted specimens, a non-destructive technique using a pair of bender-extender elements (BE) was adopted in a standard triaxial apparatus. The 11 mm Â 1·6 mm piezo-eletrical elements were embedded into the triaxial top cap and bottom pedestal, and protruded by 1·7 mm. A schematic diagram of the set-up is shown in Fig. 4 . This system could generate and detect compression and shear waves. GDSBES v2·0 software (GDS Instruments) controlled the signal generation, while the data acquisition system had two input channels with 16-bit resolution and a sampling rate of 300-500 kHz to ensure that the resolution of the time and voltage of the input and output signals was adequate.
The BE system can potentially pick up redundant background noise from electrical sources and other sources of ambient residual vibration. The noise is random and its influence can be minimised or eliminated by sampling a larger number of signals and consistently averaging the results. The desired portion of the signal repeats systematically and its amplitude decreases in direct proportion to the number of signals that are averaged and thus the signal-to-noise ratio (SNR) is improved. This procedure is called staking and is qualitatively shown in Fig. 5 . The SNR can also be enhanced by increasing the amplitude of the input signal (Leong et al., 2005) . It was found that a sinusoidal double amplitude wave of 10 V and systematically staking 20 sampled signals was enough to reproduce signals that were relatively free of background noise.
One of the difficulties of using bender-extender elements to measure wave velocities is selecting adequate testing variables, including the waveform and testing frequency (Leong et al., 2005; Clayton, 2011) . Fig. 6 shows the traces of shear and compression wave velocities obtained in a specimen compacted at 12% water content and an energy level of 529·5 kJ=m 3 tested with different excitation frequencies. The time domain traces show that at excitation frequencies 18·25  0·96  98·24  74  50  98  2  24-12  530  12·0  19·01  1  98·37  67  50  98  3  38-12  838  12·1  19·23  1·01  99·18  65  50  98  4  24-12-2  530  12·1  18·98  1  98·29  69  50  224  5  24-10  530  9·8  18·45  0·97  98·83  195  50  98  6  24-14  530  14·2  18·22  0·96  98·98  15  50  98 Note: L ttÀi refers to initial tip-to-tip length and suction represents the pressure differential between the top cap air pressure and bottom pedestal water pressure (u a À u w ).
Extension Deflection
Receiver-bender Transmitter-extender above 3·3 Hz, approximately the same travel time was observed, whereas lower values of 1·4 kHz and 2 kHz led to much larger values because of the impact of the near-field component that is associated with the propagation of other signals of opposite polarity (Sanchez-Salinero et al., 1986) . Thus, if only the test data collected at low testing frequencies are used to calculate V s , then there is a danger of underestimating the shear wave velocity (V s ) obtained. The arrival of the compressional wave was determined by examining the point of first deflection in the received signal. This can either be accessed by visual inspection or using an automated procedure that detects small changes in the amplitude of the received signal for cases where visual inspection is difficult (e.g. Leong et al., 2009) . In this study it was found that the arrival of the compressional wave is relatively independent of the testing frequency, although the wave propagation mode seems to change for lower excitation frequencies (i.e. f , 5 kHz). This is possibly associated with the frequency dependence of the two kinds of waves generated during the propagation of compressional waves through solid and fluid in soil matrix (i.e. in-phase wave and out-of-phase wave). The latter tends to be highly attenuated and its effect on the results presented is relatively small. Unlike the compression wave, the amplitude of the shear wave signal was associated with the excitation frequency, such that as the frequency increased beyond 5 kHz, the amplitude of the received signal was significantly reduced (e.g. lower than 2 V, Fig. 6 ). This is consistent with the findings of Arulnathan et al. (1998) , and shows that a decrease in wavelength (λ) in relation to the bender element length ratio (l b ) contributes to the deterioration of the received signals. While it would be preferable to measure the shear wave velocity at higher testing frequencies (larger L tt =λ ratios where L tt is the length of the wave path), the amplitudes of received signals are often deemed unsuitable to allow for either time or frequency domain analysis. It was found that testing frequencies having a ratio between the wave path length to wavelength (L tt =λ) exceeding 2 could minimise the effect of the near-field component and warrant the strength of the received signal.
The velocities of the shear and compression waves were computed based on the wave path length (L tt ) that corresponds to the tip-to-tip distance between the transmitter and receiver, and the travel time (Δt s and Δt p ), as follows
The initial tip-to-tip distance was determined based on the total height of the sample, the protruding heights of the bender-extender elements and axial strain during drying-wetting cycles. The travel time of the shear wave (Δt s ) was taken as the time interval to the peak of the first bump, as described by Lee & Santamarina (2005) , or to the first deflection when the first bump was not visible (Fig. 6) . The travel time of the compression wave (Δt p ) was taken as the time interval to first deflection (Fig. 6 ).
Variation in suction during wetting and drying cycles Suction was imposed on the specimens by applying a given air pressure by way of a top cap and a given value of water pressure beneath the high air entry value (HAEV) ceramic disc. A pressure controller accurate to 1 mm 3 controlled air and water pressures applied to the specimen in a load frame 
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Fig. 6. Typical traces of shear (S-wave (SW)) and compression (P-wave (PW)) wave time domain for different testing frequencies varying from 1·4 to 50 kHz (specimen prepared at a compaction energy level of 530 kJ=m 3 tested under unconfined conditions) triaxial cell, while the HAEV ceramic disc had an air entry value of 15 bar. The water pressure controller had a gauge to measure the volume of water flowing into or out of the specimen as the suction changed. The criterion for equilibrium was based on the rate at which volumes of water exchanged during wetting or drying (Fig. 7) , and larger volumes of water were usually exchanged along the drying paths. Fig. 7 includes selected examples of the volume of water exchange for the energy levels considered in this study (i.e. E 1 ¼ 247 kJ=m 3 , E 2 ¼ 530 kJ=m 3 and E 3 ¼ 838 kJ=m 3 ). Indeed, at E 1 the water exchange during equilibration is much larger than that of E 2 and E 3 . For instance, when the specimens are dried to a suction level of 50 kPa, the volume of water exchanged is 1326 mm 3 , 827 mm 3 and 239 mm 3 for E 1 , E 2 and E 3 . This is mainly associated with the initial soil structure and the void ratio dependency governing the water retention behaviour (e.g. Pham et al., 2005; Tarantino & Tombolato, 2005) . For larger suction levels upon drying, that is, 100 and 150 kPa, similar behaviour is observed. In contrast, when the specimens undergo wetting, the water exchange capacity is smaller and typically ranges between 434 and 609 mm 3 (see Fig. 7 , suction of 50 and 100 kPa). This is related to the manner in which the water intrudes the pore structure, namely ink-bottle effect (Pham et al., 2005) , and this is consistent with the water retention data in Fig. 8 . These data clearly demonstrate that the specimens compacted at a relatively low dry unit weight (i.e. larger voids in an aggregated structure) show a larger variation in S r upon drying and wetting. Different levels of suction or pressure difference (s ¼ u a À u w ) were imposed on the specimens throughout the test by adjusting the water backpressure while the air and cell pressures were kept constant (i.e. constant net confining pressure, p À u a ). In these tests an increment of suction in each stage was 50 kPa, while the water pressure was changed at 0·16 kPa=min and kept constant until the end of the equilibration period. Typically, a 48-60 h period was enough for the specimens to reach equilibrium. At every stage the axial displacement was also monitored within 0·001 mm, with a linear variable differential transducer (LVDT); the changes in the axial strain were small, typically within 0·01%. The drying and wetting branches of the SWRC within the range of the suction tested could be determined based on the change in the volume of water in each step. At the end of the test the water content of the specimen was determined by the oven dried method and the differences in the water content monitored by the water pressure controller were verified. Figure 8 shows the corresponding water retention data computed based on the volume of water at the end of the equilibrium stages. The SWRC of a specimen compacted at an energy level of 530 kJ=m 3 is given as a reference. For most of the suction levels considered (25 to 150 kPa), most specimens lay on the scanning curves (i.e. hydraulic states enclosed by the main drying or wetting curves as explained by Tarantino & Tombolato (2005) ), which is basically equivalent to expected field conditions. There was a marked hysteresis along the drying and wetting paths for all four specimens (Table 1) . This difference was probably due to a heterogeneous entrapment of water in the soil pore throats (i.e. the ink bottle effect) and different contact angles during drying and wetting processes. Furthermore, the extent of the hysteric response of a specimen prepared at a lower of compaction energy level (i.e. E ¼ 243 kJ=m 3 ) appeared to be larger, and then progressively decreased in those specimens prepared at higher energy levels (E ¼ 530 kJ=m 3 and 838 kJ=m 3 ). Thus the hysteric response depends on the initial soil structure and dry unit weight (or associated degree of saturation). Typically the term hydraulic hysteresis is used to describe the variation of degree of saturation between wetting and drying paths of the SWRC for the same suction level (e.g. Pham et al., 2005) . In this study, the term small strain hysteresis is used to refer to the variation of V s and V p between the drying and wetting paths. The equivalent changes in suction of 25-150 kPa and 25-300 kPa resulted in variations in the water content of ±1·0% and ±1·5%, respectively.
RESULTS AND DISCUSSION
Compression and shear wave velocities and associated elastic parameters
In total, six compacted specimens were tested using bender elements under constant isotropic net confining pressure ( p À u a ) of 50 kPa, which was adopted based on an estimation of H s (approximately 2·5 m) for Penrith (Australia), and used for V s and V p evaluation. An emphasis was placed on investigating the impact of the level of compaction in the post-compacted small strain behaviour of specimens subjected to drying and wetting. Their initial compaction characteristics and testing conditions selected are given in Table 1 . The tests were conducted in a load frame based triaxial cell, where V s and V p were monitored using bender-extender elements that were cantilevered in the 50 mm diameter top cap and HAEV bottom pedestal. At each suction step, 14 signals with frequencies of 1·4, 2, 3, 5, 10, 20 and 50 kHz were analysed to determine the travel time and associated wave velocity. An example of the wave time domain traces during the first drying-wetting cycle tested at 10 kHz is shown in Fig. 9 .
The equivalent L tt =λ values monitored during the dryingwetting cycle are also given as a reference. As the suction increased on the drying path, the arrival time of both compression and shear waves decreased, which resulted in an increase in the wave velocities. This change was more noticeable in the shear wave time domain traces. On the wetting path there was only slight variation in the velocity of both waves and, although the propagation mode in the first drying path was consistent, it showed some dissimilarity in the following wetting paths.
The variations in the computed shear wave velocity (V s ) of five specimens with increasing (drying) and decreasing (wetting) suction are depicted in Figs 10(a)-10(c) . The most striking aspect is that V s exhibits hysteric response and had a larger value following the wetting path. This might not correspond to the intuitive behaviour first expected, but it can be associated with the soil-water exchange in soil pores responsible for the hysteretic response seen in the SWRC (Fig. 8 ). In addition, microstructural studies have reported that the soil fabric during drying is also evolving into a more constricted porosity centred at the microporosity range, although it recovers some of the macroporosity when it is subsequently wetted (Cuisinier & Laloui, 2004; Monroy et al., 2010) . These results are also consistent with the small strain shear modulus studies on decomposed tuff and Bonny silt conducted by Ng & Xu (2012) and Khosravi & McCartney (2012) . In addition, the hysteresis amplitude showed some differences between the five specimens (Figs 10(a)-10(c)). For instance, the specimen compacted at 243 kJ=m 3 with a suction of 25 kPa, had a V s hysteresis amplitude of about 30 m=s, but at energy 530 kJ=m 3 and 838 kJ=m 3 , it was around 24 m=s and 16 m=s, respectively. This difference was probably related to the initial macrostructure of the specimens (e.g. Bagherieh et al., 2009; Heitor et al., 2013) . Furthermore, these results seem to suggest that soil compacted under lower energy (i.e. larger percentages of macropores) has a larger V s hysteresis amplitude in cycles of drying and wetting. For the optimum moisture content of 12% (E 2 ), the difference in dry densities between E 2 and E 3 is not significant, whereas the dry density of E 1 is significantly smaller. This is because the soil structure would change from an aggregated macrostructure on the dry side of OMC (i.e. E 1 ¼ 243 kJ=m 3 ) to a progressively matrixdominated macrostructure on the wet side of OMC (i.e. E 3 ¼ 838 kJ=m
3 ). The role of the initial structure and associated porosity should be more influential in determining the size and shape of V s hysteresis upon drying-wetting cycles, that is, about V s ¼ 30 m=s, 24 m=s and 16 m=s for E 1 , E 2 and E 3 , respectively (Fig. 10) .
For E 2 , the specimens compacted at 2% dry and 2% wet of OMC had similar dry unit weights, but clearly the specimen compacted on the wet side of OMC had a degree of saturation approaching 85% with a corresponding 'ascompacted' suction of 15 kPa, whereas the specimen compacted on the dry of optimum (i.e. S r , 65%) sustained an 'as compacted' suction as large as 195 kPa. As illustrated in past literature through computed tomography and mercury intrusion techniques, the soil structure would also change from a predominantly aggregated assembly on the dry side of OMC to a more matrix-dominated macrostructure on the wet side of OMC (e.g. Delage et al., 1996; Monroy et al., 2010) .
While the above differences in the 'as-compacted' state govern the small strain behaviour (Heitor et al., 2013) , its influence is likely to become smaller when the specimens are subjected to the same suction level during drying and wetting cycles. While the specimen prepared at w ¼ 9·8% might be expected to exhibit a distinctly different behaviour than that of w ¼ 14·2%, the V s values following the drying path are of similar magnitudes ( Fig. 10(b) ). This behaviour can be attributed to the inevitable alterations of the soil structure when specimens are brought to the same level of suction (e.g. Koliji et al., 2010) . Nevertheless, the influence of the initial structure can still be observed in the V s hysteresis loop, that is, 31 m=s for w ¼ 9·8% and 20 m=s for w ¼ 14·2% for suction of 25 kPa.
While the two specimens compacted on the dry side of OMC (w ¼ 9·8% at E 2 and w ¼ 11·8% at E 1 ) are likely to have a similar aggregated macrostructure (Delage et al., 1996) , V s magnitude is larger for the specimen having a higher dry unit weight, although the size of V s hysteresis in drying and wetting is approximately the same (% 30 m=s). In contrast, for the two specimens compacted on the wet side of OMC (w ¼ 14·2%, E 2 and w ¼ 12·1%, E 3 ) having a matrixdominated macrostructure, V s magnitude is larger for the specimen having higher dry unit weight (w ¼ 12·1%, E 3 ), whereas V s hysteresis amplitude in drying and wetting is 20 m=s for w ¼ 14·2% and 16 m=s for w ¼ 12·1%. This indicates that when the specimens are brought to the same suction level, the V s magnitude seems to be mainly dependent on their dry unit weights, whereas the V s hysteresis seems to be influenced by the initial compacted structure. Interestingly, the specimen prepared at 243 kJ=m 3 with a corresponding maximum dry unit weight ratio of 96%, which is just borderline with respect to the common end-production specification of 95% (AS 3798 (SA, 2007) ), had an hysteresis amplitude that was almost twice the one prepared at an equivalent standard Proctor energy (530 kJ=m 3 ). This indicates that even slight changes in compaction energy along the constant water content paths will have an important impact on the post-compacted response of compacted fills.
The variation of V p with increasing (drying) and decreasing (wetting) suction for all three specimens is depicted in Figs 10(d)-10(f) . Similarly, the compression wave velocity also exhibited hysteresis behaviour between the drying and wetting paths, but unlike V s , the recorded V p was higher along the drying paths. This was not surprising because the mode in which the waves propagate is different. The compressional wave propagates through both fluid and solid phases and therefore, as the degree of saturation increases or decreases, the wave velocity changes. In wetting and drying cycles for the same suction level, the V p variation is mainly associated with the amount of water present in the specimen; that is, the higher is the S r value, the higher the magnitude of V p is. In contrast, the shear wave velocity propagates only through the soil skeleton. While for fully saturated conditions it is relatively unaffected by the presence of water, under partially saturated conditions, the propagation of shear wave is more complex. Past research studies have shown that the shear wave velocity is sensitive to the degree of saturation (e.g. Cho & Santamarina, 2001) ; in other words, the lower is the S r value, the higher the value of V s is.
Figures 10(d)-10(f) also illustrates how the initial compaction history affects the V p hysteresis characteristics. Here the hysteresis amplitude of V p was relatively independent of the initial compaction energy level, with amplitudes ranging from 46 to 52 m=s for 230 and 838 kJ=m 3 , respectively. To simulate a different suction history, Fig. 11 shows the V s and V p results of an additional specimen prepared at an equivalent standard compaction energy level which was subjected higher suction (up to 300 kPa). Similarly with Fig. 10 , both V s and V p showed a hysteretic response on the wetting paths, but while the V s and V p values recovered when the soil was subjected to a second cycle of drying at 300 kPa, in the subsequent wetting cycle both V s and V p again displayed hysteretic behaviour. The shear wave velocity showed an increase of 17 m=s, whereas the compressional wave velocity increased 30 m=s. Both V s and V p would be expected to show slight hysteresis on both paths, similar to the SWRC response (Fig. 8) , but this was not the case. This was possibly due to changes in the soil structure. Koliji et al. (2010) reported that in the high suction range the volume of aggregations are reversible, whereas at low suction upon following the wetting paths it showed fewer distinguishable aggregations. Aggregations refer to the nature of the compacted soil macrostructure. Typically, compacted soil exhibits an aggregation-dominated macrostructure on the dry side and matrix-dominated on the wet side of the OMC (e.g. Delage et al., 1996; Romero & Simms, 2008) . Furthermore, the small strain hysteresis amplitude progressively decreases for an increasing number of drying and wetting cycles, which probably indicates that the soil experiences irrecoverable structural changes and the pore size distribution gradually becomes more uniform (i.e. Pham et al., 2005) . Interestingly, V p was the same for 300 kPa level of suction, despite having a lower degree of saturation in the second cycle. This shows that in this cycle the stiffness of the soil skeleton may govern the propagation of both V s and V p . Furthermore, not only are the current suction and degree of saturation important, the suction history as represented by the number of drying and wetting cycles also affected the elastic response of the compacted materials. The variation of Poisson ratio (ν) computed using equation (5) is shown in Fig. 12 . While for the energy levels of 530 and 838 kJ=m 3 the Poisson ratio seemed to be approximately constant during drying-wetting processes, there were some differences for the specimen compacted at a lower energy level (i.e. E ¼ 243 kJ=m 3 ) and for the specimen prepared at water content of 9·8%. These observations are consistent with the earlier interpretation of a progressive change in the soil structure that probably occurred during the dryingwetting processes. Furthermore, while Poisson ratio still showed small variations in the first drying-wetting cycle for an energy level of 530 kJ=m 3 , it remained relatively unchanged for the second drying and wetting cycle.
Shear, constrained and elastic moduli at small strain level
In Figs 13(a)-13(c), the shear modulus (G 0 ), constrained modulus (M 0 ) and elastic modulus (E 0 ) at a small strain level were plotted against the current suction ratio (CSR). Ng & Xu (2012) reported that the mechanical response, particularly the small strain shear modulus, can be affected by CSR, which can be defined as
where s max is the maximum suction the specimen has been exposed to and s current is the current suction level. As expected, the specimens compacted with a higher energy level yield larger G 0 , M 0 and E 0 at any given CSR, although there were noticeable differences in M 0 among the different energy levels. This was likely related to the amount of water, as reflected by the degree of saturation, of the specimens following the wetting paths, that is S r ¼ 0·7-0·72 (Fig. 8 ) for the energy of 243 kJ=m 3 and S r ¼ 0·85-0·88 (Fig. 8) for energy levels of 530 and 838·4 kJ=m 3 , respectively. The first drying-wetting cycle of the CSR values for the drying paths were not shown because the CSR was constant and equal to unity along the drying paths. The specimen subjected to a larger variation of suction (s max ¼ 300 kPa) and multiple drying-wetting cycles is also included for comparison. As expected for a given CSR, the elastic moduli (G 0 , M 0 and E 0 ) for the specimen subjected to a larger interval of suction (s max ¼ 300 kPa) are higher than those obtained from the specimen subjected to a suction of 150 kPa. This is because the current suction was higher (i.e. for CSR ¼ 3, the current suction was 150 kPa and 50 kPa for the specimens subjected to a maximum suction of 300 and 150 kPa, respectively). Nonetheless, even with the same current suction (i.e. 25 kPa) the specimens' moduli increased significantly for a higher CSR. Furthermore, even for the same CSR, the elastic moduli seem to be affected by the number of cycles of wetting-drying. For instance, at a suction of 25 kPa (CSR ¼ 12), the G 0 , M 0 and E 0 differed by 25·4 MPa, 0·95 GPa and 5 MPa, respectively, between the first and second cycle. Interestingly, for the same CSR the M 0 for the specimen subjected to a larger suction interval (s max ¼ 300 kPa) was higher despite having a lower degree of saturation (i.e. S r ¼ 0·78-0·82, Fig. 8 ). This further emphasises the role of suction history on the elastic response of the compacted specimens.
To better illustrate the suction stress history at different CSRs on G 0 , M 0 and E 0 , the data normalised by the current stress state ( p*) were replotted in Figs 13(d)-13(f). The current stress state ( p*) can be represented by a function of the isotropic net confining pressure ( p À u a ), suction (u a À u w ) and degree of saturation (S r ), as follows
The current stress (equation (9)) for the different compacted specimens and suction levels is given also in Table 2 . The advantage of using the above relationship is that the current suction and degree of saturation (also known as effective suction), as well as the current net confining stress, are adequately accounted for in the moduli response. The justification for the inclusion of the degree of saturation in the expression of the stress state lies with the observations of the variation of V s in wetting and drying cycles. For a given suction level, the V s changes upon drying and wetting. This means that if the stress state is defined solely on the basis of net stress and matric suction, the observed V s or G 0 behaviour cannot be captured. In addition, the current stress state represented in this manner is consistent with the Bishop type effective stress description widely used for partially saturated soils (e.g. Bishop, 1959; Mancuso et al., 2002; Tarantino & El Mountassir, 2013) . In fact, Figs 13(d)-13(f) show that the normalised elastic moduli increased with the CSR. Furthermore, it seems that a logarithm relationship can represent the variation of the normalised moduli with CSR and different energy levels define a unique line with the exception of the specimen prepared at water content of 14·2% (E ¼ 530 kJ=m 3 ). This implies that the elastic response was relatively independent of the compaction energy level (s max ¼ 150 kPa) in the normalised moduli-CSR plane, which is of great practical significance during the time of placement because the prescribed energy level is often not defined in common end-product specifications (AS 3798 (SA, 2007) ). These results suggest that G 0 =p* and E 0 =p* may be predicted for any energy level following constant water content paths provided the suction history is similar The only exception is the variation of M 0 =p* (Fig. 13(e) ), which showed some differences between the three different energy levels, possibly related to the large dependence of the bulk modulus of the material. For the same CSR, the G 0 =p*, M 0 =p* and E 0 =p* values in the first wetting of the specimen that experienced a maximum suction of 300 kPa were consistently lower than those subjected to a maximum suction of 150 kPa. However, the values of G 0 =p*, M 0 =p* and E 0 =p* increased in the subsequent number of cycles, which indicates that the soil skeleton was strengthened with the number of drying and wetting cycles, which may be attributed to the effect of suction history and some form of hydraulic ageing.
CONCLUSIONS From a number of bender-extender element tests conducted in specimens compacted at three different energy levels and then subjected to a post-compaction cycle of drying and wetting, the effect of variations in suction on small strain stiffness was significant. Larger values of V s and associated G 0 corresponded to the wetting paths, a difference that was associated with the water retention properties. Furthermore, the response of V p and M 0 depended mainly on the bulk modulus or the volume of water present because they both had lower values on the wetting paths. The initial dry unit weight and associated soil structure that resulted from preparing the specimens at different energy levels had a strong influence on the amplitude of the hysteretic response observed in a drying-wetting cycle, particularly for the V s and associated G 0 behaviour. Larger hysteresis amplitudes were observed for specimens compacted at lower energy levels, which indicated that poorly compacted conditions can influence the post-compacted mechanical response. The suction history defined by the CSR appeared to control the elastic moduli (G 0 , M 0 and E 0 ) to some extent but the energy level contributed to an increase in the moduli for the same CSR. However, these differences are mainly related to the current stress state because a common relationship between normalised G 0 =p* and E 0 =p*, and CSR can be obtained for different energy levels. The suction history path had a significant effect on the small strain responses, particularly for subsequent drying and wetting cycles. Finally, this study shows that the geomechanical behaviour of earth structures can be affected when exposed to changes in hydraulic regimes. This should be considered when evaluating longterm performance, particularly where fills are inadequately compacted. -14  25  69·8  72·6  73·2  67·25  72·25  50  88·5  94·8  96·27  83·5  93·5  100  123·1  138·1  139·6  113  134  150  153·9  178·5  178·9  138·5  170  100  120·1  136·5  137·1  110  130·5  50  85·4  93·3  94·1  80·5  90·75  25  67·8  71·8  72·25  65·5  70·5 Note: p* refers to the current stress expressed in equation (9).
